The relationship between the depth of a target in a turbid medium and the f luorescence ratio profile measured by use of illumination and collection apertures with variable diameters and the same optical path is shown. The forward problem was studied by Monte Carlo simulations of the propagation of f luorescent light through a theoretical model of a biologically relevant system for a range of aperture diameters. The curve of the f luorescence ratio as a function of the aperture diameter is characterized by a maximum /minimum point whose position shifts linearly with the depth of the target. Furthermore, the position of the maximum /minimum is observed to be insensitive to variations in the f luorescence efficiency and to the optical properties of the target layer or the entire medium.
Fluorescence imaging in the ultraviolet-visible spectrum is ideally suited for detection of epithelial precancers and cancers 1 because the penetration depth of light in tissue falls on the same length scale (several hundred micrometers) as the tissue regions of interest. 2 Sources of contrast in the tissue include endogenous and (or) exogenous f luorophores. 1 Whereas f luorescence imaging provides spatial localization of neoplastic tissue, it provides little insight in the depth of the lesion. The depth of the lesion is a critical parameter in the staging of the disease and is routinely characterized in histological examination. 3 Depth localization of neoplasia in tissue with f luorescence imaging will enhance the diagnostic capability of this technique.
The relationship between the depth of a target (neoplastic layer) in a turbid medium (epithelial tissue) and the f luorescence ratio prof ile measured by use of illumination and collection apertures with variable diameters and the same optical path is discussed. We studied the forward problem by performing Monte Carlo simulations of f luorescent light propagation through a theoretical model of a biologically relevant system (containing endogenous or exogenous f luorescent targets) for a range of aperture diameters.
The theoretical model is based on a tissue culture system of squamous cell carcinoma (SCC), 4 which consists of a normal epithelium and an underlying extracellular matrix. The SCCs are inserted into the basal membrane of the epithelium. The SCCs first proliferate upward; after the entire epithelium is occupied, these cells will invade the basement membrane. 4 The SCCs can be transfected with molecular reporters such as Green Fluorescent Protein (GFP). This model has the potential broad use to represent all types of precancer and cancer of squamous epithelia, including those of the oral cavity, cervix, and skin. Figure 1 shows a cross section of the theoretical model, which consists of three layers: the epithelial layer (thickness, d 1 2 d 2 ); the SCC layer (thickness, d 2 ), which originates in the base of the epithelium; and the extracellular matrix (thickness, d 3 ). The thickness of the SCC layer was varied from zero to the full thickness of the epithelium (thickness, d 1 ) to signify the extent of proliferation upward. The thickness of the extracellular matrix was set to d 3 2050 mm to represent an infinitely thick tissue. The lateral dimension of the model was assumed to be infinitely wide. Table 1 summarizes the parameters of the model. The geometrical properties (thickness, d 1 450 mm) and autof luorescence efficiency [at an excitationemission wavelength pair (460, 520 nm)] were def ined from the results of previous studies of human cervical tissue, 5 and we observed that the f luorescence efficiency of GFP-tagged SCCs (SCC-GFP) was 14 times higher than the autof luorescence of the SCCs. The optical properties and refractive indices were obtained from the literature. 2, 6 A weighted-photon Monte Carlo code 7 was modified to simulate f luorescence. We checked the accuracy of the code by comparing test simulation results with those reported in the literature. 8 We launched 10 7 photons in each simulation at random, uniformly distributed locations across the model surface over a range of angles def ined by a numerical aperture of 0.37 and on a circular illumination area. We used a rejection scheme to determine whether an absorbed fraction of the photon packet was reemitted as a f luorescent photon. The f luorescence that escaped the medium was collected over an area and a numerical aperture identical to those for the illumination (the illumination and collection areas overlapped completely). The refractive index of the medium above the model was set to be 1.452 to simulate an optical fiber, and that below the model was to 1.0. The radial and axial grid size was 0.0005 cm. Figure 2 shows the normalized f luorescence ratio versus the illumination -collection aperture diameter for the model containing the SCC layer (without GFP) for three different depth/thickness values. Each of the curves represents the ratio of the f luorescence detected for a model that contains the SCC layer to that detected for a model without the SCC layer (i.e., SCC layer thickness, d 2 0). Each curve was interpolated and then normalized to unity. The aperture diameter that corresponds to the minimum point increases as the depth of the SCC layer increases (and its thickness decreases). Additionally, the curve broadens with increasing SCC layer depth. Figure 3 displays the normalized f luorescence ratio versus aperture diameter for a model that contains the SCC -GFP layer for three different depth/ thickness values and for variable optical properties at the excitation wavelength. Curves (1) -(3) indicate that there is a shift in the aperture diameter that corresponds to the maximum point with increasing SCC layer depth, as was shown in Fig. 2 . We assessed the effect of changes in the absorption ͑m a ͒ and the reduced scattering ͑m s 0 ͒ coefficients by independently varying m a and m s 0 at the excitation wavelength by 625% for the SCC -GFP layer only [curves (4) and (5)] and for the entire model [curves (6) and (7)]. These simulations were carried out only for a depth͞thickness ratio of 50 mm͞400 mm, and the results are shown only for a 25% increase in the optical properties. The variation in m a results in a more pronounced effect on the prof ile than that in m s 0 , as shown to the right of the maximum point. However, the position of the maximum point itself is relatively insensitive to changes in m a or m s 0 . The same conclusions were drawn from the results for a 25% decrease in optical properties (not shown). Figure 4 displays the aperture diameter that corresponds to the minimum (for SCC) or maximum (for SCC -GFP) f luorescence ratio (MFR) versus the depth of the SCC layer. A f it to the SCC -GFP data indicates that there is a linear relationship between the MFR diameter and depth in the range 50 300 mm. Also, there is a similar relationship for the SCC (without GFP) data at depths of 50 200 mm. The slope of MFR diameter versus depth appears to be independent of the f luorescence efficiency, except at the sensitivity limit for SCC autof luorescence ͑.200 mm͒. Figure 5 displays the MFR diameter versus depth of the SCC -GFP layer when both the depth and the thickness were varied (as in Fig. 3 ) and when only the depth was varied. When both depth and thickness were varied, the MFR diameter increased by 400 mm over a depth range of 100 300 mm. When only the depth was varied, the MFR diameter increased by 300 mm, over a depth range of 100 300 mm. Therefore the shift in MFR diameter depends primarily on the depth of the SCC layer. It should be noted that the percentage f luorescence contribution of the SCC layer to the total f luorescence detected is maximal at the MFR diameter.
This study demonstrates that the MFR diameter is related to the depth of an embedded target (neoplasia) Fig. 2 . Normalized f luorescence ratio versus diameter of the illumination -collection aperture for the model containing a SCC layer (without GFP). in a turbid medium (epithelial tissue). In the short term, incorporating the variable-aperture method into in vivo f luorescence imaging strategies 9 could add another dimension of diagnostic information (depth) per pixel that is currently not available. The variable-aperture method could be incorporated by use of the f luorescence ratio at two aperture diameters 10 or by multivariate analysis of the entire prof ile to fully exploit the information content. In the long term, one could use this technique to perform quantitative depth localization with the MFR diameter. Although the results from this study indicate that the MFR diameter is relatively insensitive to variations in the optical properties of the target layer or of the entire model, a more careful evaluation of these effects will be carried out at both the excitation and emission wavelengths.
Additionally, an inverse model or look-up table will be developed to relate the MFR diameter to the depth of the target in the turbid medium.
One can obtain a prof ile of the f luorescence ratio versus aperture diameter without significantly increasing the complexity of current f luorescence imaging systems. In principle, one can use a single optical fiber to detect the f luorescence per pixel. The aperture diameter can be varied by changing the distance between the f iber tip and the plane of the tissue surface. The feasibility of illuminating and collecting with the same fiber with suff icient signal-to-noise ratio will have to be evaluated, and it is expected to depend on the aperture diameters used and on the source of f luorescence contrast in the tissue system. An alternative approach to the single source -detector method proposed here is the multidistance approach, 10 which requires multiple sources and (or) detectors. The need for multiple sources and (or) detectors makes this approach more cumbersome than the variableaperture method proposed here.
In summary, the variable-aperture method proposed in this Letter is ratiometric in nature and can be implemented in a stepwise manner as follows. First, depth-integrated f luorescence imaging can be used to localize the normal and abnormal tissue areas, as has been demonstrated with reasonably high accuracy. 9 Once the abnormality is localized, the variable-aperture method can be employed to yield the depth distribution of the f luorescence contrast in the abnormal tissue area.
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